Introduction
Menisci are known to play important roles on the shock absorption, load transmission, and motion stability of the knee joint, which also lubricate and protect the knee cartilage surfaces (Fox et al., 2015; Kurosawa et al., 1980; Walker and Erkiuan, 1975) . They are composed of two semicircular fibrocartilage structures positioned on the medial and lateral compartment of tibia plateau. Each meniscus covers twothirds of the respective articular surface of the tibiofemoral (TF) joint (Englund et al., 2009) . During daily activities, several times of body weight (BW) with time-varying directions and magnitudes are acting on the knee (Komistek et al., 2005) . Since menisci served as the knee joint loading transmission, they are vulnerable to injuries, especially on the medial site . Partial meniscectomy is currently employed to treat the meniscal injuries. Many studies have stated that partial meniscectomy increased the risk of knee osteoarthritis (OA) (Stein et al., 2010; Williams 3rd et al., 2007) . Alterations in the joint load are proposed as the main cause (Wilson et al., 2003) . However, it is lack of detailed knowledge of in vivo joint and soft tissue interactions, before and after the meniscal removal.
Implantable pressure sensors have been used to study the contact mechanics between the menisci and articular cartilages in cadaveric knees (Gilbert et al., 2014; Walker et al., 2015) . For instance, Gilbert et al. (2014) have explored the dynamic contact mechanics across the tibial plateau of cadaveric human knee joints through experimentally simulated activities of gait and stair climbing. However, the physiological motion pattern in the knee during a walking gait was hard to be precisely mimicked, and the representation of individual muscles was omitted, thus leading to doubts about the obtained meniscal loads. Besides, the application of implantable sensors would change the knee joint natural structure and resulted in biomechanical alterations. The effects of menisci on the knee kinematics were also reported. Hsieh and Walker (1976) reported that the anterior-posterior tibial displacement after the dual meniscectomy had little alterations under a compressive load, using an in vitro knee-testing device. Furthermore, Levy et al. (1982) used an in vitro knee-testing apparatus to perform the anteriorposterior displacement measurement of the tibia relative to femur in the intact and medial meniscectomy knees. And, results showed that the posterior horn of medial meniscus served as a secondary restraint to anterior displacement of the tibia following the anterior cruciate ligament (ACL). Although these works were in an attempt to explore the meniscal role on the kinematics with in vitro knee-testing devices, the in vivo knee working condition were not considered, and the role of menisci itself in the in vivo kinematics is unclear in the intact knee during a walking gait.
Currently, finite element (FE) analyses are commonly used to study the biomechanical functions of meniscus in terms of the contact stress and strain. Nevertheless, the obtained findings might not be reliable or clinically relevant due to the oversimplification of the joint operation conditions, such as application of fixed compressive loads and flexion angles (Dong et al., 2014; Pena et al., 2005) . Moreover, the individual muscles were not included during the simulation. In light of these, musculoskeletal (MSK) multibody dynamics (MBD) modelling method provides a viable alternative for studying the contact mechanics, and ligament and muscle forces in the knee (Guess, 2012; Guess et al., 2015; Winby et al., 2009) . The contact mechanics of the menisci have already been studied during the squat simulation (Guess, 2012) . In our previous study, a developed lower extremity MSK MBD modelling method with an intact knee model was validated with contact forces, knee kinematics and muscle activations, during walking gait. However, the underlying effects of the menisci on the knee secondary kinematics, and contact mechanics have not been studied yet during a walking gait simultaneously.
In this study, based on a previously validated subject-specific MSK MBD modelling framework with a natural knee architecture, our purpose were to evaluate the meniscal influence on the knee biomechanics, in term of predicted knee contact mechanics and secondary kinematics, and ligament forces during a walking gait.
Method

MSK MBD model
A subject-specific lower extremity MSK MBD modelling framework including a right natural knee joint was constructed in this study. The modelling framework was developed on the basis of the generic MSK model from the AnyBody Managed Model Repository (AMMR) Version 1.6.3 in the Anybody Modeling System software (version 6.0.3, AnyBody Technology, Aalborg, Denmark). The generic model derived from the Twente Lower Extremity Model (Version 1.1) (Horsman et al., 2007) , including the rigid head, trunk, pelvis, and left and right femur, patella, tibia, talus and foot segments, together with the joints connecting the segments. During the physiological movement simulation, 55 muscle-tendon units consisting of approximately 160 three-element Hill-type muscle models were used to actuate the generic model. For each muscle model, the isometric muscle strength was defined as the product of its physiological cross-sectional area and a default factor (90 N·cm ). The segments and isometric muscle strength of each muscle model were scaled using a length-mass-fat scaling method according to the subject's weight and height (Chen et al., 2016; Marra et al., 2015) .
The right natural knee model (female donor, 1.68 m, 77.1 kg, and 70-years old) used in this study was from a publicly available online project, Open knee (Erdemir, 2016; Erdemir and Sibole, 2010) . It consisted of the tibia and femur bones, articular cartilages, menisci, and ligaments. This right natural knee model was incorporated into the MSK model using bone landmark rigid registration. A knee joint model with 11 degree of freedoms (DOFs), elastic contact pairs and ligaments (Fig. 1a) was defined to replace the hinge knee joint in the MSK model, using the FDK method proposed by Andersen and Rasmussen (2011) . Six DOFs were considered in the TF joint, and five DOFs in the PF joint as the patellar ligament was simplified as a rigid linkage. Eight essential ligaments were added to stabilize the unconstrained knee joint, including ACL, posterior cruciate ligament (PCL), medial collateral ligament (MCL), anterior lateral ligament (ALL), postero-medial capsule (PMC), oblique popliteal ligament (OPL), medial PF ligament (MPFL) and lateral PF ligament (LPFL) in Fig. 1d . Ligaments were split into different bundles according to their anatomical characteristics and functions, and were defined as spring elements following the non-linear piecewise force-displacement relationship (Blankevoort et al., 1991) . The detailed description of the ligament properties could be found elsewhere (Blankevoort et al., 1991) .
In order to evaluate the biomechanics effect of menisci, two knee models with or without menisci were considered in this study. In the intact knee model (Fig. 1c) , the elastic contact pairs between the femoral cartilage and medial/lateral tibial cartilages, between the femoral cartilage and medial/lateral menisci and between the medial/ lateral menisci and tibial cartilages in the TF joint, and between the femoral cartilage and patella cartilage in the patellofemoral (PF) joint were created in the knee model. In the meniscectomy model, the menisci were resected and the contact pairs of cartilage-menisci were not included.
Contact forces between the elastic contact pairs were calculated using a linear-penetration volume law with a predefined pressure module . All contact surfaces of the cartilage and menisci were represented with the triangles of STL files. The penetration depth of one vertex of the triangle meshes was estimated as the distance to the closest point in the opposite contact surface, and the contact force in the ith vertex were calculated based on a linear relationship between the penetration volume V i , multiplying the penetration depth d i and the opposite contact surface area A i , and a pressure module P.
The contact forces of each elastic contact pairs were the sum of all the vertex contact forces. The isotropic single-phase linear Young's moduli and Poisson ratios of the cartilage (5 MPa and 0.46) and the meniscus (59 MPa and 0.49) (Pena et al., 2005) , and the assumed average elastic layer thicknesses 1 mm and 2 mm of articular cartilages and menisci were used to calculate the pressure modules, 1.2e 10 N/m 3 and 2.2e 10 N/m 3 of cartilage-cartilage and meniscus-cartilage contact pairs based on the elastic foundation model (Argatov and Mishuris, 2015) .
Inverse kinematics and dynamic analysis
An inverse kinematics method (Andersen et al., 2010) was employed to track the marker positions of the marker trajectories of a walking gait. During this process, all the joint orientations were calculated: One neck rotation, three pelvis-thorax rotation, three pelvis translations and three rotation, three hip rotation, knee flexion, ankle plantar flexion, and subtalar eversion angles. These kinematics data and ground reaction forces were input to the inverse dynamics analysis including a FDK solver. In the inverse dynamics analysis, a cubic polynomial muscle recruitment criterion was adopted to determine which set of muscles will balance a given external load . The role of menisci on the knee contact mechanics and secondary kinematics were quantified by the outputs of inverse dynamics analysis.
Results
Contact forces
The contact force loading ratios of meniscus and cartilage in the medial compartment were 58.51% and 41.49% for the intact knee during a walking gait, and the peak contact forces were 1.55 BW and 1.40 BW respectively. After the meniscal removal, the cartilage loading sharply increased and reached a peak value of 2.73 BW (Fig. 2a) . For the lateral compartment, the peak contact forces were 1.84 BW and 1.77 BW before and after meniscal removal (Fig. 2b) . Although the menisci contributed to the loading transmission, the magnitudes of total contact force on the medial and lateral compartments remained almost the same before and after meniscal removal (Fig. 2d & e) . And, the peak TF joint total forces were 4.64 BW and 4.49 BW for the intact and meniscectomy models (Fig. 2f) .
Anterior-posterior and proximal-distal components of contact forces loaded on the tibial cartilages increased markedly during the stance phase (i.e. before 60% of gait), and peak values did from 0.57 BW to 1.81 BW and from 1.28 BW to 4.17 BW (Fig. 3a & b) . Moreover, the medial-lateral component reversed in the stance phase (Fig. 3c) .
Contact area
Contact area of the medial tibial cartilage remained almost the same before and after the meniscal removal (Fig. 4a) . However, the lateral one clearly increased (peak values from 13.18 mm 2 to 181.68mm 2 )
after the meniscal removal (Fig. 4b) . In the medial compartment, total contact area reduced without menisci (peak values from 390.50 mm 2 to 193.31 mm 2 ), as shown in Fig. 4d . Furthermore, the total contact area on the TF joints drastically decreased from 514.48 mm 2 to 371.83 mm 2 (Fig. 4f) . Fig. 2 . The predicted contact forces in the intact and meniscectomy models during a walking gait: (a) medial contact forces, (b) lateral contact forces and (c) total contact forces on the menisci and tibial cartilages, and (d) medial contact forces, (e) lateral contact forces and (f) total contact forces in the TF joints.
Secondary kinematics
Since the same primary kinematics input data was used for both models, the observed flexion-extension (F-E) motions were identical in the TF joints (Fig. 5a ). In the anterior-posterior displacement, similar patterns were observed in the intact and meniscectomy models during the gait. However, the tibia in the meniscectomy model was positioned more posteriorly (5.40 mm) than that in the intact model (2.04 mm) at heel strike (Fig. 5d) . Moreover, the largest posterior displacement increased greatly from 3.05 mm to 9.69 mm after the meniscal removal. Nevertheless, the maximum anterior translation ranges kept nearly the same (5.84 mm vs. 5.50 mm). After the meniscal removal, TF joint internal rotation increased during the stance phase. For the medial-lateral (M-L) translation (Fig. 5f ), the tibia of the intact model was located, medially to the femur at the heel strike, which reversed as compared with the meniscectomy model. No obvious changes were found in the remaining secondary kinematics after the meniscal removal.
Ligament forces
After the meniscal removal, ACL forces clearly increased during the stance phase and the peak forces were from 38.60 N to 152.62 N (Fig. 6a) . On the contrary, a clear decrease happened in the PCL forces, and the peak values were from 201.92 N to 17.32 N (Fig. 6e) . And, a reduction of LCL ligament forces (from 143.68 N to 77.75 N) was observed as shown in Fig. 6f . Similar variations of ligament forces were found in the PMC and OPL during the stance phase ( Fig. 6c & d) . The peak ALL force was 15.06 N in the intact, and surged to 148.89 N in the meniscectomy models (Fig. 6g) .
Discussion
In the present study, two models with or without the menisci were developed based on a previously developed subject-specific MSK MBD modelling framework. The roles of menisci was then evaluated in terms of the predicted contact and ligament forces, and secondary kinematics.
Meniscus has been proved to be an essential structural component that controlled the joint loading distribution during a walking gait (Wenger et al., 2013) . Seedhom (1979) found that the menisci bore 70%-99% of joint load transmitted through the TF joint. Ahmed and Burke (1983) reported that at least 50% of compressive load on the knee were transmitted by the menisci. In our prediction, mesnici carried approximately 75.14% of TF joint loads. The medial compartment, contact forces were always shared by the meniscus and tibial cartilage (58.51% vs. 41.49%) during a walking gait. This finding was consistent with the literature (Seedhom et al., 1974) where meniscus was reported to carry 50% of the medial compartment load. After the meniscal removal, contact forces on the medial tibial cartilage averagely increased by 199.02%, while the corresponding contact area remained almost the same. As a result, the average contact pressure on the medial tibial cartilage would be doubled. This phenomenon was also found in the experimental contact mechanical analysis of knee joints ). An increase of the potential risk of knee OA was expected under this circumstance. For the lateral compartment, no direct cartilage-on-cartilage contact was observed in the intact knee. And, joint loading was mainly transmitted through the meniscus. It may suggest that meniscus contributes more to the load transmission in the lateral compartment than that in the medial compartment. This functional characteristic of meniscus was also observed by Seedhom et al. (1974) . The functional discrepancy between lateral and medial meniscus might attribute to the differences in their geometry. The lateral meniscus was an 'O' shape compared with a 'C' shape of the medial one, and should be more mobile than the medial one during the daily activities (Vedi et al., 1999) . Thus, the lateral meniscus had a better dynamic congruity than the medial one, which explained the reason why it contributed more to load transmission than the medial one. The   Fig. 3 . The anterior-posterior (a), proximal-distal (b), and medial-lateral (c) components of knee contact force transmitted by the tibial cartilages. Fig. 4 . The predicted contact area in the intact and meniscectomy models during a walking gait: (a) medial contact area, (b) lateral contact area and (c) total contact area on the menisci and tibial cartilages, and (d) medial contact area, (e) lateral contact area and (f) total contact area in the TF joints.
predicted maximum TF joint total contact forces were 4.64 BW for the intact and 4.49 BW for the meniscectomy models. The differences in contact forces may be caused by a weaker TF joint muscle interaction in the meniscectomy model. After the meniscal removal, the decrease of muscle forces in the quadriceps femoris (803.14 N to 706.71 N) and the gastrocnemius (787.79 N to 756.36 N) happened.
In our study, contact area on the medial compartment was always larger than that of the lateral compartment, which was also found in a cadaveric study using an implantable electronic sensor (Gilbert et al., 2014) . For the intact knee, the contact area of medial and lateral compartments were reported as 640 ± 180 mm 2 and 510 ± 70 mm 2 , under 1000 N axial compressive load . Moreover, similar magnitudes of contact area were reported using the FE models by Zielinska and Haut Donahue (2006) and Dong et al. (2014) . These discrepancies may be due to the individual differences between knee specimens. For example, degenerative knee joints were used by Fukubayashi and Kurosawa (1980) , therefore a larger contact area was expected than those in healthy knees. Many authors have reported that meniscal section accompanying with the ACL damages resulted in the anterior-posterior tibial displacement increment using in vitro knee-testing devices (Bargar et al., 1980; Hsieh and Walker, 1976; Levy et al., 1982) . It was unclear that how menisci contributed to the anterior-posterior tibial displacement individually. In the present study, the role of menisci on the in vivo knee secondary kinematics were observed during a walking gait. The maximum anterior-posterior displacement increased from 8.89 mm to 15.19 mm (by 175.90%) after the meniscal removal. Meanwhile, the peak posterior contact forces increased from 0.57 BW to 1.81 BW (217.54%) in the TF joint. A phenomenon was observed that an increase of the anterior-posterior force after the meniscal removal should lead to a larger anterior-posterior displacement of tibia on the femur. After the meniscal removal, tibia moved more posteriorly and internally with respect to the femur during the stance phase. It suggested that tibial posterior translation was coupled with internal rotation of the tibia. Kozanek et al. (2009) have reported internal rotation accompanying with posterior translation and external rotation accompanying with anterior translation. In the anterior direction, the ligament forces of ACL as the main constraint almost doubled, which may explain the reason why ACL and meniscal damages happened concurrently (Neuman et al., 2008) . However, PCL acting as the major constraint of posterior displacement was nearly not activated after the meniscal removal. In addition, the ligament force decrease also happened in the LCL of the primary varus stabilizer of the knee in the meniscectomy model. Nevertheless, the posterior translation and varus-valgus rotation kept the same. Under these situations, the inactive ALL in the intact model was activated and may serve as the main stabilizer of posterior displacement and varus rotation. After the meniscal removal, both the M-L direction contact force and displacement reversed. In summary, the alterations of contact mechanics following the meniscal removal resulted in the posterior and medial displacements of TF joint during a walking gait.
There are several limitations to our study. First, the knee model from only one donor was used in this study. The generality of our findings may be influenced by the randomness of the individuals due to differences among each human being. A thinner thickness of meniscus was considered in the natural knee model derived from an old specimen because of the potential water and organic composition degradation. And a uniform thickness of meniscus was assumed in this study for the easy calculation of pressure module. Larger sample size will been used to support our conclusion in the future. In spite of this limitation, most predictions were almost identical to these previous studies, especially with respect to the contact forces. Second, both the medial and lateral menisci were considered as one element to study the effect of menisci on knee contact mechanics and secondary kinematics. Furthermore, the role of each meniscus, and the load of ACL after the meniscal removal will be investigated based on the medial or lateral meniscus excision model. Third, meniscal roles were investigated during a walking gait data. Other daily activities such as upstairs, downstairs and running will be adopted to study the meniscal functions in the future. In spite of these limitations, this study still benefited to understand the biomechanical functions of menisci during a walking gait.
Conclusion
In the present study, the role of menisci on the in vivo contact mechanics and secondary kinematics in a natural knee joint was investigated by a MSK MBD modelling framework during a walking gait. Menisci contributed to the joint loading transmission, and served as the posterior and M-L displacement constraints. In addition, meniscal removal might lead to potential concerns about ACL ligament injuries. Compared to the intact knee joint, ALL stabilized the posterior displacement and varus rotation in the meniscectomy knee joint.
